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Abstract
Using a sophisticated Monte Carlo model, we have obtained predictions of the
forward radiation fields generated by a series of monoenergetic electron sources,
with kinetic energies ranging from 0.5 to 15.0 MeV, normally incident on
standard converter configurations. The tantalum converter foil thickness that
maximizes the total forward-going x-ray energy ranges from 0.3 times the
continuous-slowing-down-approximation electron range at 0.5 MeV to 0.6
times that range at 15.0 MeV. This result is not very sensitive to the presence or
absence of typical electron absorbers or debris shields. The forward extraction
efficiency exhibits a slightly superlinear dependence on source electron kinetic
energy. Electron backscatter and photon absorption are shown to be the chief
transport phenomena that limit x-ray extraction. Dependence of x-ray spectra
on emission angle results from the complicated interplay of cross-section
kinematics, slant-thickness absorption, and slant-thickness buildup. The re-
sponse of common dosimetry materials to the radiation fields was also studied.
The systematic of energy deposition in high-Z and low-Z dosimetry materials
as a function of source energy, converter geometry, and emission angle are
presented in terms of an effective absorption coefficient. The utility of this
coefficient for predicting the energy deposition in one material from the
measured dose in another material is demonstrated. It is shown that the
converter thickness that optimizes dose is less than the thickness that optimizes
the forward extraction efficiency.
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Predicted Flash X-Ray Environments
Using Standard Converter

Configurations

1. Introduction

High-intensity pulsed relativistic electron beams are used extensively to generate intense FXR (flash
x-ray) sources by injecting these beams into standard converter configurations where they generate
continuous x rays via bremsstrahlung production and line radiation via fluorescence radiation from
ionizing interactions. Although the simulation of weapon radiation effects is by far the most prominent
application, such sources are also used for radiography, x-ray cinematography, and pseudoholography.
Despite this wide usage, there is no convenient reference that provides systematic information on thick-
target bremsstrahlung environments.

Reference 1 was an early attempt to provide such information along with the direct electron
environments. However, the usefulness of that information was limited for several reasons. First, an
attempt was made to define a canonical shape for the spectrum of beam electrons from pulsed high-
current sources. Experience has shown the futility of this assumption. Indeed, we often find it difficult to
achieve repeatability of the spectrum from shot to shot on a given machine, much less machine-to-
machine repeatability. Second, the converter configurations in Ref. 1 were not carefully optimized. Of
particular importance is the thickness of the high-Z converter, which can have a substantial effect on the
extraction efficiency, the x-ray spectrum, and the angular distribution of the x rays, Third, the x-ray de-
position data in Ref. 1 are not particularly useful because they are low-resolution depth profiles in thick
targets of infrequently used materials. The profiles are one-dimensional and no information is
given on the off-axis variation.

In contrast to Ref. 1, we concentrate in this paper almost exclusively on FXR environments.
Recognizing that there is no “typical” spectral shape for the source electrons, we restrict ourselves to
monoenergetic sources of normally incident pencil beams of electrons. Our results are directly useful in
design studies. When applied to real sources, however, interpolation is required. Furthermore, the
high-Z converter used in the present study is carefully optimized for maximum extraction of x-ray
energy. Our deposition predictions focus on frequently used detector materials and on the dependence of
dose on the angle with respect to the beam axis.

In Sec. 2, we discuss the standard converter configuration. In Sec. 3, we give a brief description of the
theoretical model. Systematic predictions for the radiation field in the forward direction are presented in
Sec. 4. In Sec. 5 we discuss various aspects of the energy deposition predicted by the model. The results
are summarized in Sec. 6.
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2. Standard FXR Converter Configuration

The standard scheme by which a high-intensity pulse of relativistic electrons is converted into a flash
x-ray source is shown in Fig. 1. Because the bremsstrahlung production cross sections increase
approximately as Zz (Fig. 2), the electrons are injected into a high-Z foil where the bulk of the x rays are
produced. This converter foil may also be the accelerator anode, or the beam maybe extracted before in-
jection. Because the foil thickness that maximizes x-ray extraction is less than the range of the beam
electrons, the converter foil is usually followed by an electron absorber, which prevents electrons
transmitted by the foil from preheating a debris shield (DS). The electron absorber is made of a low-Z
material in order to minimize the absorption of photons generated in the converter foil; photon
attenuation coefficients increase with atomic number at both low and high photon energies where they
are dominated by the photoelectric and pair-production interactions, respectively. The debris shield is
usually necessary for nondestructive testing because the high-power density of the electron beam can
shatter, melt, or vaporize the converter foil and electron absorber thus producing forward-traveling
debris at the site being irradiated. When destructive testing is acceptable, the debris shield is not
necessary. The electron absorber, however, is usually still necessary in order to prevent electrons from
reaching the exposure area.

CONVERTER

\ELEcTRON-ABSORBER~

$ DEBRIS SHIELD \

Figure 1. Schematic of a Standard Converter
System

Essentially all of the x rays extracted in the forward 2iTsolid angle are available for experiments in
the standard geometry. Certain loss mechanisms that limit the magnitude of the foward extraction
efficiencies are discussed below. There are a number of “advanced” converter schemes that seek to
overcome these losses. As yet, few of these schemes have enhanced the radiation environment
sufficiently to justify their additional complexity. Consequently, standard configurations will continue
to dominate the field in the near term, and therefore advanced configurations are not discussed in this
report.
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3. Theoretical Model

3.1 The TIGER Code
All results were obtained using a modified version of the one-dimensional coupled electron/photon

Monte Carlo transport code, TIGER.3 This code contains all the essential physics4 for generating and
transporting the complete electron/photon cascade until such time as these particles either are absorbed,
escape from the system, or have their energies reduced below some user-defined cutoffs. Electron
interactions include the production of knock-on electrons, bremsstrahlung, positron annihilation, and
K-shell impact ionization. Photon interactions include photoionization, Compton scattering, and pair
production. K-shell ionization is followed by the production of fluorescence photons or Auger electrons.

A standard output of the code is the photon energy transmission coefficient. This is equivalent to the
forward extraction efficiency, the fraction of the incident electron beam energy that is extracted in the
forward 27rsolid angle in the form of photons. In addition, the code provides the energy distribution of
the transmitted photons, the angular distribution of transmitted photons, and the coupled energy and
angular distribution of the transmitted photons.

3.2 Code Modifications
A number of updates have been added to the basic code. Specifically, photon production is

artificially increased by scaling the cross sections for the production of bremsstrahlung and K-shell
impact ionization, enabling us to obtain statistically meaningful photon outputs without following an
excessive number of source electrons. Electron tracking is expensive, and, in this way, it is only necessary
to follow an adequate sample of electron trajectories. Adjusting the weights of the artificially high
population of x rays insures that the predictions are unbiased.

Also, we have modified the code to generate distributions of the cumulative transmitted photon
number and the cumulative transmitted photon energy. The distributions are the amounts of these
quantities below a given photon energy as a function of that photon energy. They are useful because in
many experiments the high energy component of the x-ray spectrum is of little interest.

An elaborate modification has been required in order to obtain dosimetry predictions. On the one
hand, we have special techniques for obtaining efficient generation of x rays. On the other hand, we have
special techniques for obtaining efficient Monte Carlo deposition from x rays. However, because the two
techniques are not compatible, combining the calculation of x-ray production and x-ray dosimetry in a
single Monte Carlo run is difficult. Our approach has been to concentrate on our interest in a particular
kind of energy deposition. We are primarily interested in obtaining the kerma (kinetic energy released in
material), or equilibrium dose, at depths for which the incident photon flux is neither appreciably
attenuated nor appreciably augmented by the buildup of secondary photons. Under these conditions, a
very good approximation to the dose is

(1)
Jo

where hv is the photon energy in MeV, @ is the photon flux at the detector position in units of number/
(MeV-cm2), and ~, is the mass energy absorption coefficient for the particular detector material in
cm2/g.

We can obtain a very good estimate of this quantity without including the detector in the Monte
Carlo transport. Each time a photon emerges from a collision in the configuration shown in the Fig. 1
heading in the direction of a detector, we score the quantity

tally = W X exb’i(hv)tilA-lx(n”n)-’xh”xga(b)(2)
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where W is the photon weight as it emerges from the collision, ~i is the total attenuation coefficient for
the ith material, t, is the length of the extended trajectory through the ith material, the argument of the
exponent is the optical pathlength from the collision point to the detector, A is the area of the detector in
cmz, ~ is the unit vector of photon direction, and ii is the unit normal to the detector surface at the point
where the photon trajectory intersects that surface. The properly normalized sum of all such tallies is an
excellent estimator of D in Eq. (1). This quantity is often called the uncollided surface-dose, but is actu-
ally more representative of the uncollided peak-dose which occurs just inside the surface where electron
equilibrium is established. This approximation breaks down (a) when photon attenuation cannot be
neglected, (b) when photon buildup cannot be neglected, (c) when the detector is so thin that electron
equilibrium cannot be established, or (d) when the photon energy is so high that radiation loss of
secondary electrons becomes important. The reader is referred to Ref. 5 for a more detailed discussion of
mass-energy absorption coefficients and related quantities. Condition (a) can be accounted for by
including the appropriate exponential attenuation factor in Eq. (1). Under any of the other three
conditions, one has no choice but to carry out Monte Carlo transport in the detector itself. For the beam
electron energies and detectors of interest here, Eq. (2) is a very good estimate of the dose.G The only
quantity in Eq. (2) that is not available in the Monte Carlo code is the mass-energy absorption
coefficient. Fortunately, the code used to generate the photon cross sections already contains the logic to
calculate these coefficients. The appropriate coding was modified to ensure that these data were
produced and properly transferred to the transport code.

From Eq. (1), we can define the effective mass-energy absorption coefficient, p,~~,as7

D
Peff = — ,

F

where F, the energy fluence, is given by

(3)

(4)

In other words, the same fluence of monenergetic photons for which the absorption coefficient is equal to
~,flWOUldresult in the same dose. Because the energy fluence is independent of dosimetry material, a dis-
cussion of effective mass-energy absorption coefficients is equivalent to a discussion of relative doses. Of
course, absolute doses require a knowledge of the fluence as well. Equation (2) without the factor pa (hv)
is used in the Monte Carlo code to provide an estimator for the energy fluence.

12



4. Radiation Field

In this section, we discuss model predictions of the radiation field, and how the energy and angular
distributions of these fields depend on the source-electron kinetic energy and converter configuration.
We consider source-electron kinetic energies of 0.5,1.0,2.0,5.0,10.0, and 15.0 MeV. This set adequately
covers the range of high-intensity FXR sources now in operation or planned for the near future. In all
calculations the photons were followed until their energy dropped below 0.01 MeV, and all electrons and
positrons were followed until their energy fell below 5% of the source energy.

4.1 Optimization and Efficiency
From a theoretical point of view, the most logical way to optimize an FXR source for a broad range of

applications is to maximize the forward-extracted x-ray energy; However, this quantity is not directly
measurable. From a practical point of view, optimization is most likely to take the form of maximizing
the on-axis dose to some selected dosimeter. As we shall see in Sec. 5, this optimization does depend
somewhat on the choice of detector. One would choose a detector that responds in a manner similar to
that of the proposed experiment or, better still, one would maximize the experimental response itself.
The latter is rarely done. Fortunately, in most cases optimization is not sensitive to which of these meth-
ods is selected. Here we use the forward-extracted x-ray energy to optimize the converter configuration.

The essential element of all converter systems is the high-Z foil in the converter itself. Because of the
high beam intensities, this foil is almost always made from a refractory material like tantalum. A large
fraction of the beam energy is also dissipated in the low-Z electron absorber. The most commonly used
absorber is some form of graphite. Its thickness need be no greater than that which, when combined with
the tantalum, equals the range of the most energetic source electrons. Any greater amount only absorbs x
rays while serving no other purpose. The thickness of the debris shield depends on the beam intensity of
any given machine.

In our optimization studies, we considered three configurations: (a) tantalum foil alone (Ta), (b)
tantalum foil plus graphite absorber (Ta/C), and (c) tantalum foil plus graphite absorber plus debris
shield (Ta/C/DS). In each case, we calculated the forward 27rextraction efficiency—the percent of the
incident electron beam energy emitted from the transmission side of the converter configuration in the
form of photons—as a function of the tantalum thickness. In all calculations with an electron absorber
present, the graphite thickness was simultaneously adjusted so that the combined tantalum and
graphite thicknesses were equal to one continuous-slowing-down-approximation (CSDA) range, rO,of
the source electrons. For debris shields, we have chosen an areal density of graphite equivalent to that of
debris shields that have been used on machines having nominal energies close to our monoenergetic val-
ues. These machines typically generate tens of kilojoules of electron beam energy that is spread over ar-
eas of tens of square centimeters. The CSDA ranges and debris shields used in the calculations are given
in Table 1.

The CSDA range is the integral of the reciprocal of the total stopping power from the given energy
down to thermal energy. For low electron energies, the collisional stopping power dominates over
radiation loss. As electron energy increases, the radiative stopping power becomes more and more
important. At 11.5 MeV, the radiative and collisional stopping powers are about equal in Ta, while at
15.0 MeV the radiative stopping power is still only about 15 % of the collisional stopping power in graph-
ite. At 15.0 MeV the ranges in the two materials are about equal.
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Table 1. Electron CSDA Ranges and Debris Shield Thicknesses
for Each Source Electron Kinetic Energy Used in the Calculation

Electron Thickness of
Kinetic Energy CSDA Ranges (g/cm’) Graphite Debris Shield

(MeV) Tat c“ (cm)

0.5 0.3254 0.1971 0.2915
1.0 0.7630 0.4891 0.2915
2.0 1.599 1.098 0.4286
5.0 3.667 2.862 0.4286

10.0 6.203 5.593 0.8573
15.0 8.106 8.136 0.8573

+Mass density of 16.6 g/cm’]
ttMass density of 2.00 g/cm:’

In Figs. 2a through 2f, we have plotted the efficiencies as a function of the thickness of the tantalum
foil expressed in units of rOfor all three configurations. The SD (statistical standard deviation) of the cal-
culated values is 170 to 2 TO. The symbols are the actual calculated values, and spline interpolants have
been drawn through these points. The waviness of some of these interpolants is caused by statistical un-
certainties; we expect no inflection points in the true differential curves. Note that the uncertainties
tend to be magnified by the narrow range of ordinate values.

There are some interesting effects that are not easily understood. The smallest differences in the
three configurations is at 0.5 MeV, where the Ta/C results are slightly larger than the Ta results. As the
source-electron kinetic energy increases, the continuous x-ray spectrum changes, along with the
proportion of that spectrum to the line radiation and the filtering of both types by the elements of the
converter system. Clearly, the Ta curve must eventually fall below the other two as the foil thickness is
reduced because this curve goes to zero for zero thickness, while the other two become more and more
dominated by x-ray production in graphite. The maximum difference in the three configurations near
peak extraction is about 20%. These data are replotted on a single graph in Fig. 3 to emphasize the in-
crease in optimum converter foil thickness with increasing source energy. Note also that the maxima are
very broad so that experimentally one can be sloppy in the choice of foil thickness.

From the results in Figs. 2 and 3, we determine the optimum thicknesses of the Ta foil for the three
configurations. In rOunits, these are 0.3 for 0.5, 1.0, and 2.0 MeV; 0.5 for 5.0 MeV; and either 0.5 or 0.6 for
10.0 and 15.0 MeV. All results in the remainder of this section will be for these optima.

One of the important concerns for FXR designers is the dependence of the forward extraction
efficiency on source-electron kinetic energy. This efficiency is plotted in Fig. 4. The efficiency is very
slightly superlinear over this energy range. We emphasize that these data are given as percents of beam
energy. This point is important. If an increase in accelerator voltage can only be achieved at a significant
penalty in beam energy (e.g., by increasing the mismatch between the impedances of a diode and a trans-
mission line), there may be no increase in the resulting extracted x-ray energy.

The continuous x-ray spectrum is always accompanied by line (characteristic) radiation. The most
important line radiation is the flourescence radiation from the impact ionization and photoionization of
the K-shell of the atoms of the high-Z foil. This radiation is especially important at low electron energies
and can lead to significant effects in high-Z dosimetry.8 The average K-fluorescent energy of tantalum is
just under 59 keV.9 The magnitude of this x-ray component is plotted in Fig. 5 as a function of source-
electron kinetic energy for the Ta/C configuration. It is given as a percent of both the forward-extracted
x-ray energy and the electron beam energy. The estimated SD’s are 1 to 4 %. Both quantities area strong
function of the kinetic energy of the source electrons. At 0.5 MeV, almost 10% of the extracted x-ray en-
ergy is line radiation, whereas at 3.0 MeV, the line radiation is less than 1% of the extracted x-ray energy.
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The average energy of the forward-extracted photon spectrum is plotted in Fig. 6 as a function of the
source-electron kinetic energy. The estimated SD’s are no more than 1%. Expressed as a percent of the
electron kinetic energy, the average photon energy decreases from just over 20 TOat 0.5 MeV to just over
10% at 15.0 MeV. However, because of the strong dependence of photon interaction cross sections on
photon energy, the average photon energy is of little practical importance. We will have more to say
about this in Sec. 5.

It is also instructive to look at the overall physics of the electron-to-photon conversion process. In
Fig. 7, we have plotted several integral x-ray quantities as a function of source-electron kinetic energy for
the Ta/C configuration. The estimated SD’s are no more than 3%. The yield is an upper bound to the
available x-ray energy. It is the percent of an electron’s energy, on the average, that is converted into x
rays as the electron thermalizes in an infinite medium of tantalum. Here, the yield is only approximate,
however, because, for simplicity, it is calculated in CSDA and includes only x-ray production by the pri-
mary electron. The curve labelled “production “ is the Monte Carlo prediction of the mean x-ray
production per primary electron in the Ta/C configuration. It should always be less than the yield
because it accounts for the possibility that electrons may escape from the finite geometry of the tantalum
foil. In our model, most of the electron escape is in the backward direction (reflection-see below)
because very few primaries can penetrate the converter configurations, and photoemission is negligible.
Production exceeds the yield at 10.0 and 15.0 MeV because the yield is calculated in CSDA and does not
include radiation or collisional straggling. Not shown here is the total production, which also includes
production by secondary electrons. At these source energies, the differences are negligible. The
difference between the “total-escape” and “production” curves represents that portion of the x-ray
production that is absorbed within the converter configuration. Photons escaping in the backward
direction also represent a loss mechanism for these standard converter configurations. These losses have
their biggest effect at low source energies where the backward efficiency approaches the forward
efficiency. The backward efficiency becomes a much smaller fraction of the total escape as the source en-
ergy increases because the angular distributions of all cross sections become more forward-peaked with
increased energy. In fact, the backward efficiency appears to have reached a maximum at about 10.0
MeV. Thus, we see that the three primary effects that keep the forward extraction efficiency from
approaching the radiation yield are (a) electron reflection, (b) photon reflection, and (c) photon
absorption.

Electron backscattering is shown in Fig. 8 as a function of source-electron kinetic energy for the Ta/C
configuration. The estimated SD’s range from about 5 YOat 0.5 MeV to about 15$% at 15.0 MeV. Electron
backscattering can be an especially large loss mechanism at low kinetic energies, unless there is some
mechanism (e.g., diode electric field) for returning backscattered electrons to the converter.
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4.2 X-Ray Spectra
In many applications the x-ray spectrum is more important than the conversion efficiency because

the experiment may be primarily sensitive to a portion, usually the low energy portion, of the spectrum,
The spectrum depends primarily on the electron energy and, especially at low electron energies, on the
absorption properties of the high-Z converter foil. Usually of somewhat less importance is the angular
dependence of the spectrum. However, this dependence must still be taken into account because
different experiments subtend different solid angles at the x-ray source.

In Figs. 9a through 9f, we compare the forward 27rnumber spectrum with the number spectrum in
the smallest polar-angle interval used in the calculation for each of the six electron source energies using
Ta/C converters. The 2ir spectra are normalized to one incident electron. The spectra for the forward an-
gle bins are then normalized to give the same number of photons as the 27rspectra when integrated over
photon energy. The normalization factors are 35.7, 31.7, 95.3, 340.0, 731.0, and 480.0 for source-electron
energies of 0.5, 1.0, 2.0, 5.0, 10.0, and 15.0 MeV, respectively. The estimated SD’s in the 27rspectra de-
crease from about 2 % to 3 % over most of the spectral range at a source energy of 0.5 MeV to about 1T at
a source energy of 15.0 MeV. For the small forward-angle bins, the corresponding uncertainties increase
from about 5% at a source energy of 0.5 MeV to about 10% to 20 % at 15.0 MeV. The small-angle spectra
are softer than the 27rspectra at low electron energies. This softness is due to the dominance of slant-
thickness absorption of the relatively low-energy photons in the high-Z converter at the high emission
angles of the 2iT spectra. At high electron energies, the small-angle spectra are harder than the 27r
spectra. This hardness is due to (1) the basic photon production cross section that favors high energy for-
ward production over the lower energy large-angle production, and (2) the reduced effect of the slant-
thickness absorption because absorption in general is reduced for the higher energy photons now being
produced. These arguments are consistent with the angular distributions of the average photon energy
discussed below. All of the 2r spectra are plotted together in Fig. 10.

In Figs. lla through llf, the forward 2m photon intensity spectra are plotted for each source-
electron energy—again, for the Ta/C converters. Statistical uncertainties are comparable to those of the
number spectra. Note that because of the energy weighting of these spectra relative to the number
spectra, semilog plots are more appropriate. The shapes of these thick-target spectra are easy to
understand. At high photon energies, where self-absorption by the converter is unimportant, the spectra
decrease monotonically with increasing photon energy, reflecting the approximate (hv)’1 dependence of
the photon production cross section. At low photon energies, absorption by the high-Z converter foil de-
termines the shape. In particular, a depression in the vicinity of the K-shell binding energy is clearly visi-
ble in all the spectra. Conversely, there are always peaks in the spectra just below this binding energy,
corresponding to a depression in the attenuation coefficient for Ta. The energies of the K-shell
fluorescent radiation also happen to fall near this peak, giving rise to significant line radiation at low
source-electron energies. This K-shell structure is of less significance at high electron kinetic energies
where the correspondingly greater optimum thicknesses of the converters suppress emission at these
photon energies. At very low photon energies, self-absorption by the converter system effectively
extinguishes emission.
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4.3 X-Ray Angular Distributions
Angular distributions are useful to the experimenter for determining to what extent different parts

of his experimental package see different radiation environments, or for estimating the change in the en-
vironment caused by relocating part or al] of the package. Fig. 12 is a plot of the normalized angular dis-
tributions of the x rays emitted over the forward 2X solid angle. The absolute number of photons emitted
per steradian per incident electron were normalized to a peak value of 1.0. The normalization factors are
89.6,35.7,11.7,2.56, 0.588, and 0.238 for source-electron energies of 0.5,1.0,2.0,5.0,10.0, and 15.0 MeV,
respectively. The estimated SD’S are usually about 2 % and never more than 4 To. Although any method
for determining the FWHM (full width half maximum) of a distribution from histogram data is
ambiguous at best, we see qualitatively that the FWHM of the x-ray angular distribution is a strongly
decreasing function of the source-electron kinetic energy.

In Figs. 13a through 13f we have plotted the average photon energy as a function of emission angle
for the three converter configurations at each of the six source-electron energies. Estimated statistical
uncertainties are usually about 3%, but are about twice that for the small forward-angle bins at the high
source energies. The results are consistent with Fig. 9. At high source energies, the thick-target
distributions exhibit the behavior of the production cross section in that the spectra soften with
increasing emission angle. At low source energies, slant-thickness absorption dominates, and the spectra
become harder with increasing emission angle. The dependence on the type of configuration is more dif-
ficult to understand. At low emission angles, there is no significant dependence. However, at high angles,
the Ta/C spectra are softer than the Ta spectra, and the Ta/C/DS spectra are softer still. One possible
explanation is that incoherent scattering in the low-Z absorber and debris shield leads to a buildup of
low-energy photons, and that this buildup is exaggerated by the large slant thicknesses at the large emis-
sion angles.
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5. Energy Deposition-~,ff

Although a detailed specification of the radiation field constitutes the most complete description of
the radiation environment, dosimetry information is often of immediate practical value. One problem
with dosimetry is that it may be too limited. Of particular importance is the necessity of having this in-
formation for a variety of materials covering a broad range of atomic numbers. Because experiments are
likely to subtend a broad range of solid angles at the converter, spatial information is desirable. We have
used the estimators defined by Eqs. (1) through (4) to systematically generate a base of x-ray dosimetry
data for the six source-electron energies.

Except where specifically noted, the thicknesses of the optimum Ta converter foils and the graphite
electron absorbers are those given in Table 2. In all cases, the combined thickness of these two elements
is equal to one CSDA range. For simplicity, the debris shield is simulated by 0.6 g/cm2 of graphite. How-
ever, including the debris shield reduces the forward 2mx-ray energy by no more than 10% and changes
the average energy of the x rays by no more than 2‘%. Consequently, the debris shield is ignored in many
calculations.

Table 2. Ta and C Thickness Used in the Standard Optimized Converter*

Thicknesses*

Electron Energy Ta c
MeV rO g/cm2 rO glcmz

0.5
1.0
2.0
5.0

10.0
15.0

0.3 0.098
0.3 0.229
0.3 0.480
0.45 1.65
0.6 3.72
0.6 4.86

0.7 0.138
0.7 0.342
0.7 0.’770
0.55 1.57
0.4 2.24
0.4 3.26

*Note that the sum of Ta plus C is always taken to be one CSDA electron range.

5.1 Deposition on Axis
We have seen from Eq. (3) that the dose in a given material is simply proportional to ~,~~,the effective

absorption coefficient, for a given photon fluence:

Accordingly, in the remainder of this section, our energy deposition results will be quoted in terms of ~,~P
The utility of ~,~~is easily seen. If the dose DT~~is measured in a TLD (thermoluminescence detector), for
example, then the dose Dx in any other material X exposed to the same photon fluence can be easily esti-
mated by simply multiplying the TLD dose by the appropriate ratio of effective absorption coefficients:

(6)
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The ~,1~for radiation in the most forward angle bins is tabulated in Table 3 and plotted in Fig. 14 as a
function of source-electron energy for four materials: TLD (CaF2), air, silicon, and gold. The SD’s for the
fluences are about 3 Z . The SD’s for the effective absorption coefficients should be much less because
Eqs. (1) and (4) show that the dose and fluence are correlated. The CaF2 material is included because it is
the most common TLD dosimeter used in FXR environments. Air was included because doses are often
quoted in roengten units, which are defined as 83.8 ergs absorbed per gram of air. This unit is used, for
example, in the empirical formula of Martin,lO’l1 which gives the on-axis dose in roengtens 1 meter
downstream of an optimized converter per coulomb of beam charge Q as:

D
— = 1700 E2G5 [roentgens/coulomb]
Q (7)

Here, E is the machine voltage in MV or, equivalently, the kinetic energy of the beam electrons measured
in MeV. The other two materials are important for radiation effects work. No debris shield was included
in these calculations because its effect is small, as we shall see.

Table 3. Effective Absorption Coefficient p,~~in Units of cm2/g for Silicon, TLD, Air, and
Gold; and the Ratios of p,~~to p,~~for Silicon as a Function of Electron Energy E*

Ueff veff/Keff –Silicon
Electron Angle Photon
Energy Interval Fluence Silicon TLD Air Gold TLD Air Gold

MeV/Str
Per

MeV deg Electron cm2/g cm2/g cm2/g cm2/g

0.5 0-10 1.16 X 10-3 0.132 0.216 0.036 3.61 1.62 0.27 27.2
1.0 0-10 5.25 X 10-3 0.059 0.083 0.030 1.40 1.42 0.52 23.8
2.0 0-5 3.23 X 10-2 0.039 0.047 0.029 0.50 1.21 0.74 12.8
5.0 0-2 3.85 X 10-’ 0.026 0.026 0.025 0.080 0.99 0.07 3.1

10.0 0-1 3.34 x 10° 0.023 0.023 0.022 0.043 0.99 0.94 1.9
15.0 0-1 1.18 X 101 0.022 0.022 0.019 0.042 0.99 0.89 1.9

*All coefficients correspond to the total fluence and average dose calculated for the forward angular bin indicated
in the second column. No debris shield is assumed.

Above 5.0 MeV, the p,~f for gold approaches 0.04 cm2/g and that of the other three materials
approaches 0.02 cm2/g (Fig. 14). The u,ff or equivalently the dose in the other three materials relative to
that in silicon are tabulated in Table 3 and are plotted in Fig. 15. We see that the doses in silicon, air, and
TLD are equivalent to one another to better than 10 % for source electrons with energies in excess of 5.o
MeV.

The magnitude of ji,~~can be intuitively understood by noting the value of the absorption coefficient
at the corresponding average photon energy. In silicon, for example, the ratio of p,ff to the absorption co-
efficient at the average photon energy (see Fig. 6) is plotted in Fig. 16. At a source energy of 1.0 MeV, p,f~
is twice the value of the absorption coefficient at the average photon energy. Above a source energy of 3.0
MeV, where also the bulk of the photons generated are in an energy region where Compton scattering
dominates over the photon-electric cross sections, the two coefficients agree to better than 10%.
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For Silicon, below 5.0 MeV the effect on ~,~~of adding the debris shield is to reduce p,~fby less than
8%; above 5.0 MeV, the effect is to reduce ~,~~2 %. Below 5.o MeV, the effect of adding the shield on the
ratio w,~~(gold) /p,~~(silicon) is to increase the ratio by less than 13 Z,; above 5.0 MeV, the effect is to in-
crease the ratio by less than 0.5 ‘i.

As an example of the utility of p,~~,let us use Eq. (5) to estimate the expected on-axis dose in air
1 meter from an optimized converter for 1 coulomb of charge incident at 1 MeV and 10 MeV, and com-
pare our result with that expected from the Martin relation, Eq. (7). From Column 3 of Table 3, or from
Fig. 26, we see that the approximate on-axis fluence at 1 MeV is 5.24 x 10-3 MeV/Str/electron, or 5.24 X
106 ergs/cm2/C at 1 meter.

Now, from Column 6 of Table 3, ~,~~in air at 1 MeV is 0.30 cm2/gm. Thus, the approximate on-axis
dose at 1 meter is

D = 0.030 [cmZ/g] x 5.24 X 106 [ergs/cm2-C] = 1.6 X 105 [ergs/g-C] .

In roentgen units, the dose is

D = 1.6 x 105 [ergs/g-C] X & [R-g/ergs] = :.9 x 103 [R/C] .

The dose expected from the Martin equation is

D = 1700 X 12’5 = 1.7 X 103 [R/C] ,

which is only 1070 lower than our calculation. Repeating the same process at 10 MeV, the calculated dose
is 8.77 x 105 R/C, and that expected from the Martin equation is 7.59 x 105 R/C. Again, the Martin re-
sult is slightly (13?%) lower than our calculation.

At 10 MeV, there is little difference between p,~~for the low-Z materials (Fig. 14), so that we see that
our calculated on-axis dose for air also agrees with that shown in Fig. 32 for silicon. Finally, this example
illustrates not only how ~,ff can be used in evaluating a dose once the fluence is known, but also that the
calculations are in reasonable agreement with previous experimental results.

5.2 Deposition as a Function of X-Ray Emission Angle
The angular dependence of the g,~~in silicon is shown in Fig. 17 for the four of the six source energies.

~,~fremains relatively independent of emission angle UP to the angle of half height at which angle the
photon fluence has decreased to half its zero-degree value. At larger angles, ~,~fdecreases rapidly for low
source-electron energies. The corresponding data for gold is shown in Fig. 18. In contrast to the silicon
results, the gold coefficients increase with emission angle at small angles and especially at high energy.
Thus, the ratio of the dose to gold to that in silicon shows a variation with emission angle similar to that
of P,ff in gold. This ratio is plotted in Fig. 19. At a given electron energy the maximum value for angles
less than the angle at half height is no more than 30% greater than the value at zero degrees.

The variation of v,~~with emission angle arises from the variation in photon spectrum with angle and
the fact that v,f~depends inversely on photon energy. For example, Figs. 13b and 13e are plots of the av-
erage photon energy as a function of emission angle for 1.0 and 10.0 MeV, respectively. The broad peak
in ~,ff for gold at 1.0 MeV occurs at about the same angle as the minimum average photon energy in Fig.
13b. The steep rise in p,~ffor gold at 10.0 MeV corresponds to the steep fall in the average photon energy
in Fig. 13e.

As discussed in Sec. 4.3, the dependence of the average photon energy on angle is not easily
understood. We know from the production cross section that the average energy of the photon spectrum
decreases with production angle. However, x rays emitted from thick targets at large angles must
traverse a relatively large slant thickness compared with more forward emission. Except for the highest
energy sources, the spectra at these high emission angles are hardened due to absorption of low-energy
photons (compare Fig. 13a with Fig. 13f). At the highest source energies and especially for configurations
involving the low-Z electron absorbers and debris shields, the emission spectra at high emission angles
appear to be softened due to buildup of scattered photons (Fig. 13f).
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5.3 Dose Optimization
In silicon, for the radiation in the forwardmost angle bin, the dependence of ~,~~on the fraction of the

tantalum in the Ta/C converter is shown in Fig. 20. The source electron energies are 1.0 and 10.0 MeV. At
1.0 MeV, the coefficient increases with decreasing fraction. This trend is expected because as the
tantalum fraction decreases, low-energy photons can more easily escape from the converter. A 30%
change in the foil thickness at the optimum value of 0.3 rOresults in a 30% change in the silicon coeffi-
cient; the corresponding change in the ratio of the gold coefficient to the silicon coefficient is less than
5% as can be seen in Fig. 21. At 10.0 MeV, Fig. 20 shows that there is little change in the silicon coeffi-
cient over a large range of tantalum fractions.

The relatively strong dependence of the silicon coefficient on tantalum fraction at 1.0 MeV and the
lack of that dependence at 10.0 MeV are easily understood by examining the average photon energy as a
function of tantalum fraction. In Fig. 22, we see that this energy decreases from 0.183 to 0.099 MeV as the
foil thickness decreases from 0.3 to 0.001 rOfor a source energy of 1.0 MeV. At this source energy a signifi-
cant fraction of the photons generated have energies in the highly absorptive photoelectric region where
the absorption coefficient has a strong inverse dependence on photon energy. At 10.0 MeV, on the other
hand, Fig. 22 shows that even though the average energy decreases from 1.4 to 0.63 MeV as the tantalum
thickness decreases from 0.6 to 0.001 rO,the bulk of the photon energy generated falls in an energy range
where incoherent scattering dominates. Energy absorption coefficients are relatively constant over this
energy range.

The strong dependence of ~,~~on the thickness of the tantalum fraction at a source energy of 1.0 MeV
means that the fraction that maximizes energy fluence may not be the same fraction that maximizes the
energy deposition. For example, Figs. 23 and 24 show that the total forward fluence and the fluence in se-
lected emission angle intervals within the forward 2msolid angle for a source energy of 1.0 MeV are maxi-
mized for a tantalum thickness of 0.3 rO.However, the silicon dose curves in Fig. 25 indicate that the max-
imum dose occurs for thinner foils. This effect is more pronounced at forward angles. It is demonstrated
further in Figs. 26 and 27. In Fig. 26, we see that the photon fluence is significantly reduced over almost
all emission angles for a foil thickness of 0.05 rOas compared with the fluence for the optimum thickness.
In Fig. 27, on the other hand, we see that the silicon dose for the smaller foil thickness is higher at all
emission angles less than 70° than that obtained for the thickness that maximizes the fluence. The large
difference between the optimum thicknesses for fluence and dose at low source energies arises from the
fact that the absorption is a strongly decreasing function of photon energy for these low-energy spectra.
At the higher source energies, Figs. 28 through 32 show that dose and fluence are maximized by
approximately the same tantalum fractions.
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6. Summary and Conclusions

Using a sophisticated Monte Carlo transport model, we have carried out systematic predictions of
the radiation fields produced by three standard converter configurations at source-electron energies
ranging from 0.5 to 15.0 MeV. Coupling the Monte Carlo model with a quasi-analytic dose estimator, we
have also obtained systematic predictions of the energy deposition in materials commonlY encountered
in x-ray diagnostics and radiation effects experiments.

Our conclusions are summarized as follows:

Radiation Fields
(1)The maximum difference in the peak x-ray extraction efficiencies over the forward % solid

angle for the three standard converter configurations, consisting of Ta converter foils with or
without electron absorbers or debris shields, is about 20 TO.

(2) The thickness that maximizes the 27 efficiency increases from 0.3 to 0.5 or 0.6 times the CSDA
range as the source kinetic energy increases from 0.5 to 15.0 MeV.

(3) The 2~ efficiency is a slightly superlinear function of source-electron kinetic energy.
(4) At 0.5 MeV almost 10% of the 2~ extracted x-ray energy is line radiation, whereas at 3.o MeV

the line radiation has decreased to less than 1%.
(5) Expressed as a percent of the source-electron kinetic energy, the average photon energy of the

27rextracted x rays decreases from just over 20% at 0.5 MeV to just over 10% at 15.0 MeV.
(6) The three primary effects that prevent the 27rforward extraction efficiency from approaching

the radiation yield (production in an infinite medium of Ta) are (a) electron reflection, (b)
photon reflection, and (c) photon absorption. Electron backscattering is an especially large loss
mechanism at low source-electron kinetic energies.

(7) The x-ray spectra at small forward angles are softer than the 27rforward spectra at low electron
energies because of the dominance of slant-thickness absorption of the relatively low-energy
photons in the converter at the high emission angles. At high electron energies the small-angle
spectra are harder than the 27rspectra because (1) the basic photon production cross section fa-
vors high energy forward production, and (2) slant-thickness absorption is less important for
the higher energy photons.

(8) At high photon energies where self-absorption by the converter is unimportant, the spectra
decrease monotonically with increasing photon energy, reflecting the approximate (hv) -‘
dependence of the photon production cross section.2 At low photon energies the photoelectric
interaction in the high-Z converter foil leads to a more complex energy dependence.

(9) The full width at half maximum of the x-ray angular distribution is a strongly decreasing
function of the source-electron kinetic energy.

(10) There are significant differences in the average photon energy as a function of emission angle
for the three standard converter configurations.

Radiation Dosimetry
(1)Dosimetry in four materials commonly encountered in effects or diagnostics experiments is

characterized in terms of effective mass energy absorption coefficients, K,fP
(2) Above 5.0 MeV, P,,, for gold approaches 0.04 cm2/g, and that for Si, air, and CaF2 (TLD)

approaches 0.02 cm2/g. The doses in silicon, air, and TLD are equivalent to one another to better
than 10’% for source electrons with energies in excess of 5.0 MeV.

(3) At a source energy of 1.0 MeV in Si, ~,~~is twice the value of the absorption coefficient at the aver-
age photon energy. Above a source energy of 3.0 MeV, where also the bulk of the photons
generated are in an energy region where Compton scattering dominates over the photon-electric
cross sections, the two coefficients agree to better than 10 TO.

(4) For a given fluence, LL,ffcan be used to predict dose. The prediction of on-axis dose is in
reasonable agreement with previous experimental results.
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(5) In silicon, ~,,f remains relatively independent of emission angle up to the angle at which the pho-
ton fluence has decreased to half its zero-degree value. At larger angles, p,~{decreases rapidly for
low source-electron energies. In contrast to the silicon results, the gold coefficients increase with
emission angle at small angles and especially at high energy.

(6) The K,,,show a relatively strong dependence on the thickness of the tantalum converter foil at 1.0
MeV as compared with a relatively weak dependence at 10.0 MeV.

(7) By choosing a converter foil thickness that maximizes Si dose at low source-electron energies, the
dose in Si can be increased by as much as 70 % over that obtained from a foil thickness chosen to
maximize x-ray fluence. The large difference between the thicknesses for maximizing fluence
and dose at low source energies arises from the fact that photon absorption is a strongly
decreasing function of photon energy for these low-energy spectra. At the higher source energies,
dose and fluence are maximized by approximately the same tantalum thicknesses.
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